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Abstract 

The kinetics of the bactericidal action of cell-free coelomic fluid from Glycera 
dibranchiata on a Gram-negative bacterium, Serratia marcescens , were studied using 
both a turbidometric growth assay and a direct plating assay. The bactericidal re¬ 
action consisted of two stages involving an initial rapid binding to the bacterial 
surface, followed by a slower killing reaction. The first stage required the presence 
of divalent cations and was slightly temperature-dependent. In contrast, the rate of 
the second stage was accelerated at temperatures normally optimal for multiplication 
of the bacteria. Kinetic studies and an analysis of the dose-response curve at low 
concentrations indicated that three or four hits by the bactericidal factor are required 
to kill a bacterium. 


Introduction 

The coelomic fluid of the marine worm, Glycera dibranchiata , has been shown 
to possess potent bactericidal properties against several Gram-negative bacteria. 
Preliminary studies showed that the bactericidal activity resides in a heat-labile 
protein with a molecular weight of >100,000 (Anderson and Chain, 1982). Glycera 
antibacterial factor (GAF) presumably acts as part of the natural humoral immunity 
system of the worm and defines a new class of animal-derived antibacterial mole¬ 
cules. Two major questions of interest are the mode of action and biochemical 
structure of GAF. This paper will describe kinetic experiments which are aimed at 
elucidating the first of these questions, the accompanying paper will address the 
second. Ideally, it would have been more satisfactory to purify and characterize 
GAF before undertaking kinetic studies, but this proved technically difficult. 

The results of these kinetic studies suggest a two-step model for GAF bactericidal 
action involving an initial binding to the bacterial surface and a subsequent “killing 
reaction/’ 


Materials and Methods 

Glycera dibranchiata (blood worms) were obtained from the Maine Bait Co. 
and kept in artificial sea water aquaria at 12°C. Methods for bleeding the worms 
and preparing cell-free sterile coelomic fluid (CF) were described previously (An¬ 
derson and Chain, 1982). 

Two types of assay of bactericidal activity, using overnight cultures of Serratia 
marcescens as the test organism, were adapted for use with Glycera coelomic fluid. 
The first was based on the turbidometric assay of Muschel and Treffers (1956a) for 
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measuring complement activity. A known volume of coelomic fluid was diluted in 
artificial sea water (ASW) to give a total volume of 0.5 ml. GAF activity was greater 
in ASW than in the phosphate buffer system employed in earlier studies (Anderson 
and Chain, 1982). A bacterial suspension of S. marcescens (^6 X 10 5 bacteria/0.1 
ml) was added to the coelomic fluid. After gentle mixing, the bacteria-coelomic fluid 
mixture was incubated, routinely at room temperature, for a period of 1-30 minutes. 
The effects of various incubation temperatures were also studied. The incubation 
was terminated by dilution with 4 ml cold tryptic soy broth (TSB) and the cultures 
maintained at 1 -4°C until all portions of the experiment were complete. The bacteria 
were then grown up at 37°C until control tubes (without coelomic fluid) reached 
O.D .570 = 0.25. The relative optical densities were a measure of the number of 
bacteria surviving exposure to coelomic fluid. For quantitative studies, a standard 
curve was used to convert the relative O.D.s to the number of bacteria surviving 
exposure to GAF, present at the start of the growth period (Anderson and 
Chain, 1982). 

The other assay used was a direct plating assay. Coelomic fluid and bacteria 
were allowed to react at room temperature, or at 37°C, for periods of 10 minutes 
to 2 hours. The suspension was diluted (1:100 in 0.9% saline) to stop the reaction, 
mixed thoroughly, and 100 ^1 aliquots were plated in 10 ml tryptic soy agar. The 
plate counts obtained were a direct measure of the number of bacteria surviving 
exposure to the coelomic fluid. 

Artificial sea water was made up as a 38 g/1 solution of Instant Ocean (Aquarium 
Systems, Inc.). The concentrations of the major ionic components were Na + , 443 
mM, K + , 9.5 mM, Ca 2+ , 9.4 mM, Mg 2+ , 50 mM, Cl', 518 mM, and S0 4 2- 26 mM. 
All other chemicals were obtained from the Sigma Chemical Company. Dialysis 
experiments were done at 1°C using Spectrapor 2 membrane tubing (M. W. cutoff, 
12,000-14,000). 


Results 


The nature of the assay 

In our initial studies there was an apparent lack of agreement between the data 
obtained from the two assays described above; these discrepancies are shown in 
Figure 1. In the turbidometric assay, low concentrations of CF produced a stimu¬ 
latory effect on bacterial growth not seen in the plate assay. This was probably due 
to the stimulatory effect of certain metal ions present in CF on the subsequent 
growth of the bacteria. When the reaction was carried out in ASW rather than in 
sodium phosphate buffer (0.1 M, pH 7.5), no stimulatory effect was observed (Fig. 
2). In addition, the time required to run the assay was considerably shortened. The 
action of divalent cations in shortening the lag phase of bacterial growth has been 
well documented ( e.g ., Guirard and Snell, 1962). 

The total bactericidal activity of CF was also greatly enhanced in ASW (Fig. 2). 
The CF volume required for a 50% inhibition of optical density was reduced from 
18.6 ± 1.9 (X ± SEM, N = 5) to 4.6 ± 0.5 ^ (X ± SEM, N = 11). The ionic 
requirements of GAF were studied further in dialysis experiments. Coelomic fluid 
was dialyzed overnight against a large volume of Tris buffer (0.1 A/, pH 8 ) containing 
0.01 M CaCl 2 shown to be required to prevent irreversible loss of activity. The 
dialyzed CF was assayed for bactericidal action in media of different composition, 
and the activity (the volume of CF required to obtain a 50% reduction in optical 
density, relative to controls) was determined (Table I). Nearly total original activity 
of dialyzed CF was restored when tested in ASW rather than in dialysis buffer. 
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Figure 1. A comparison oflhe lurbidometric assays (O) and plate assays (X) of bactericidal activity; 
mean ± S.E.M. (N = 3). Incubations were for 30 min at room temperature in sodium phosphate buffer 
(pH 7.5, 0.1 M). 

Maximal activity was observed when magnesium and sodium ions in concentrations 
approximating those found in sea water, were added to the dialysis buffer. 

Another major discrepancy between the two assays was the much greater ap¬ 
parent activity recorded by the turbidometric assay, in comparison to the plate assay 
(Fig. 1). In the hope of clarifying this anomaly, the changes in bacterial numbers 



Figure 2. A comparison of Ihe lurbidometric bactericidal assay in sodium phosphate buffer (O) 
and in artificial sea water (X); mean ± S.D. (N = 3). Incubations were for 30 min at room temperature. 
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Table I 


The influence of assay medium on bactericidal activity 


Treatment 
of CF 

Assay medium 

CF Volume (/nl) required 
for 50% reduction 
in O.D. 

Undialyzed 

Artificial sea water 

4.8 

Dialyzed 

Artificial sea water 

5.5 

Dialyzed 

DB (Dialysis buffer: 0.01 M Tris, pH 8, containing 

0.01 MC aCl 2 ) 

14.5 

Dialyzed 

0.5 M MgCl 2 in DB 

12.0 

Dialyzed 

0.5 M NaCl in DB 

11.5 

Dialzyed 

0.1 M NaCl inDB 

17.0 

Dialyzed 

0.5 M MgCl 2 + 0.5 M NaCl in DB 

5.5 


Coelomic fluid was dialyzed overnight against a 0.01 M CaCl 2 + 0.01 M Tris buffer (pH 8.0). 
Dialysates (0-20 n\) were assayed (in triplicate) using the turbidometric assay and 50% activity values 
calculated from the dose-response curves obtained. 


during the early part of the amplification (bacterial growth) period of the turbidom¬ 
etric assay (/>., from the time the broth was added to the bacteria until an optical 
density could be recorded) were measured directly by plating successive samples 
(Fig. 3). The results were unexpected. The numbers of viable bacteria were almost 
unchanged throughout the “reaction period” at room temperature and subsequently, 
for as long as the tubes were maintained at 1-4°C. However, when placed at 37°C, 
required to start the amplification phase of the assay, bacterial killing occurred 
immediately. This decline in numbers was followed by a logarithmic increase as the 
surviving bacteria multiplied. Both the extent of the initial decrease in numbers and 
the interval before logarithmic growth were directly related to the amount of CF 
added to the bacteria. The conclusions from these experiments were threefold: 1) 
as much as 25 n 1 of CF exhibits little or no killing activity at room temperature or 
below during the initial incubation. 2) This volume of CF rapidly kills most bacteria 
during incubation at 37°C. 3) Once CF has been allowed to interact with bacteria 
in these concentrations at room temperature, without lethal effect, it retains its 
ability to kill the bacteria when placed at 37°C, even though the reaction mixture 
has been diluted ninefold with TSB. This killing is not due simply to low levels of 
CF present after dilution with TSB because 25 fx\ CF are inactive if added to bacteria 
already diluted with TSB. Therefore, we must conclude that the CF and bacteria 
interact or bind during the initial incubation period at room temperature. We 
showed that this binding could be disrupted by the vigorous mixing in a very diluted 
medium which occurred during the course of the plating assay so that a spuriously 
low apparent activity was recorded. When TSB was added to the reaction mixture, 
GAF remained bound to the bacterium and was cidal at the optimal temperature. 

The fact that bacteria/GAF interaction at room temperature could be reversed 
by vigorous agitation and dilution suggested that the active factor might be bound 
to the outer surface of the bacterium. We showed that free GAF could be readily 
inactivated by trypsin (Table II). In view of this, it was of interest to see whether 
we could demonstrate cell-bound GAF by its trypsin sensitivity. Indeed, the addition 
of trypsin to the putative bacteria-GAF complex progressively reduced bactericidal 
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CF added 

to bacteria Time (minutes) 

after placing tubes at 37° C 

Figure 3. Analysis of turbidometric assay using plate counts. The bacteria and coelomic fluid (X 
= 10 ^1 CF; • = 25 n\ CF; O = no CF) were incubated together at room temperature for 30 min and 
4 ml of tryptic soy broth was added to the mixture. A sample was taken from each tube, diluted (1:100) 
and 100 ^1 plated. All tubes were immediately placed at 37°C and sampled every 30 min and the number 
of viable bacteria determined. Points represent the average of duplicate plate counts; to obtain actual 
number of bacteria, multiply by 4.6 X 10 3 . 


activity. These results reinforce the idea that the factor binds initially to the outer 
surface of the bacterium. 

Kinetics of the binding and killing reaction 

Killing, as measured by the turbidometric assay, was shown above to consist of 
two parts: an initial incubation period during which bacteria and GAF associate in 
a way which can be reversed under certain conditions, and a subsequent period at 
37°C (the amplification stage of the assay), during which the bacteria undergo GAF- 
mediated killing. Assuming that at short incubation periods the limiting factor in 
the killing reaction is the speed at which ‘‘killing units” of GAF attach to bacteria, 
the turbidometric assay gives a measure of the rate of binding. The kinetics of cell 
binding by GAF were extremely fast (Fig. 4a). The initial rate of reaction varies very 
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Table II 


The trypsin sensitivity of GAF before and after it has bound to the bacterial surface 


Treatment 

(length of incubation) 

Effect of trypsin on bactericidal activity 
of GAF (% bacteria killed) 

free GAF 

bound GAF 

No trypsin 

100 

100 

Trypsin (15 min) 

15 

90 

Trypsin (30 min) 

0 

64 

Trypsin (60 min) 

0 

46 


Bactericidal activity was measured by the turbidometric assay using 10 p\ CF and a 15 min incubation 
period. Trypsin, at a final concentration of 200 /ug/ml, was added before or after the bacteria/CF incu¬ 
bation as specified above. All trypsin incubations were carried out at room temperature. The presence 
of trypsin alone was shown not to affect bacterial growth. 


sharply with concentration and cannot be accurately measured by this technique 
at CF concentrations > 15 fi\. A double logarithmic plot of rate versus concentration 
(Fig. 4b) has a slope between 3 and 4. 

The initial rate of binding as a function of temperature is shown in Figure 5a; 
over the range 0-37°C an Arhenius plot of the rates (Fig. 5b) lies close to a straight 
line, with a low Q 10 of about 1.6. 

In contrast to the turbidometric assay, the results of the plate assay are a direct 
measure of the rate of the first irreversible step of the sequence of events leading 
to the death of the bacterium. At room temperature the rate of killing is rather slow 
and extremely variable. Therefore, the relation between rate of killing and concen¬ 
tration of GAF was investigated at 37°C (Figs. 6a, b). Unlike the rate of binding, 
the rate of reaction approaches a limiting value with increasing concentration. Figure 
6 c shows that the data, at least at concentrations greater than 5 fx\, can be fitted by 
a hyperbolic function, with a V max of approximately 5 X 10 5 bacteria/minute. The 
interpretation of these data will be discussed below, but the comparison of the 
kinetics of the initial binding to those of the killing reaction are striking. With 10 
p 1 of CF the initial rate of binding (Fig. 4b) is 19.8 X 10 4 bacteria/minute, while 
the initial killing rate is 4.3 X 10 4 bacteria/minute (Fig. 6b). For 15 p\ the corre¬ 
sponding figures are 105 X 10 4 and 6.8 X 10 4 bacteria/minute. It is apparent that 
for all but very low concentrations of CF, the bacteria bind GAF before there is any 
appreciable killing even at 37°C. 

The temperature dependence of the killing reaction was difficult to measure 
accurately because of the variability of the data below 37°C (Table III). However, 
if one assumes a constant Q, 0 in the range 21-37°C, the data of Table III yield a 
value of Q, 0 of 2.5 ± 0.4 (X ± S.D.), which is within the range of that found for 
many biochemical processes. 

As has been explained above, since the killing reaction is allowed to go to com¬ 
pletion at 37°C, the results of turbidometric assay are a measure of the total bac¬ 
tericidal capacity of a given volume of CF, provided sufficient time is given before 
the addition of tryptic soy broth for all available GAF to react with bacteria (greater 
than 15 minutes as shown in Fig. 4). Figure 7a shows the dose response obtained 
in this way at very low CF concentrations. The curve is sigmoidal, indicating either 
that the cooperative effect of more than one component of CF is required for bac¬ 
tericidal action, or that a multiple binding of one component is required to kill a 
bacterium. For multiple hit kinetics, the assumption of Poissonian probability dis¬ 
tribution can be used to calculate theoretical dose-response curves (Mayer, 1961; 
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Figure 4. a) Rate of binding of GAF to bacteria using different CF volumes (0 = 5 y\ CF; 
X = 10 jd CF; ♦ = 15 /d CF). Bacteria were added to a given volume of coelomic fluid and allowed to 
react for 1-12 minutes. At the end of this period unbound coelomic fluid was diluted out with 4 ml 
tryptic soy broth and the bacteria grown up in the usual way. All bacteria which had bound sufficient 
GAF during the original incubation period were killed during the subsequent growth period. Bacterial 
killing was calculated directly from relative optical density as described in Methods. 

b) Initial rates of binding (number of bacteria per min) were calculated from tangents drawn through 
the origin in Figure 4a. Initial rates are plotted as a function of concentration on a double-logarithmic 
plot. The slope of the straight line drawn through the three points is 3.8. 
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Figure 5. a) The rate of binding of GAF to bacteria at different temperatures (X = 0°, O = 12°, 
• = 21°, ♦ = 37°C). The experiment was carried out as described in Figure 4; 10 /d of coelomic fluid 
was used in all cases. All determinations were done in triplicate and the average optical density was used 
to calculate bacterial killing. 

b) An Arhenius plot of initial rate of bacterial killing as a function of temperature. The rates of 
killing were measured from the data shown in 5a, as described in Figure 4b. 
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Figure 6. a) The rate of bacterial killing with different volumes of coelomic fluid. Bacteria and 
coelomic fluid were incubated together for the specified time and surviving organisms were counted by 
plating in tryptic soy agar as described in Methods. All values are the average of triplicate determinations. 

b) Initial rate of killing as a function of coelomic fluid volume. The initial rates were obtained from 
the tangents (at 5 = 0) to the curves in 6a). 

c) The data of 6b replotted in a double reciprocal form. The data approximate to a straight line at 
coelomic fluid concentrations greater than 5 /x\. The intercept on the y axis, corresponding to the limiting 
velocity at high concentrations of coelomic fluid, is 5 X 10 5 bacteria/minute. 
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Table III 


Temperature dependence of GAF activity 



Average initial rate 




of bacterial killing 

Standard deviation 


Temperature 

(bacteria/mi n) 

(N) 

Range 

21 °C 

1.2 X I0 4 

0.7 X I0 4 (4) 

0.6-2.6 X 10 4 

37°C 

5.1 X I0 4 

0.9 X I0 4 (3) 

4.0-6.3 X I0 4 


The initial rate of bacterial killing, as measured by the plate assay, was calculated as described for 
Figure 6. 


Wright and Levine, 1981b). Such curves, plotted as the log of the proportion of 
surviving bacteria versus number of killing units/bacterium present for 1, 2, 3 or 
4 hit models, are shown in Figure 7b. The curves in all cases approach a straight 
line at sufficiently high concentrations, and the intercept on the y-axis gives a mea¬ 
sure of the multiplicity. A similar plot for the data in Figure 7a is shown in Figure 
7c, and would indicate that 3 or 4 hits are required for the lethal action of GAF. 

Discussion 

The principal conclusion of this paper is that the bactericidal action of GAF can 
be broken down experimentally into a two-step process of the type: 

ki k2 

n(GAF) + Bacterium —> Bacterium-GAF n complex —■* Bacterium (killed) 

The evidence for this two-step model, involving an initial rapid, reversible binding 
reaction, followed by a slower killing reaction, and the methodology used to study 
the two processes have been presented in detail in the Results section. 

The rate of binding of GAF to the outer surface of the bacterium is extremely 
rapid. The Q 10 of this reaction (1.7) also indicates a physical binding type reaction, 
with a low activation energy, rather than a process involving metabolic reactions. 
Furthermore, GAF remains trypsin-sensitive when bound to the bacterium, indi¬ 
cating that at least some portion of the molecule is still exposed to the medium. 
The binding of GAF is, however, strongly influenced by the ionic composition of 
the medium. Not surprisingly, optimum binding occurs in ASW whose composition 
is very similar to Glycera CF. 

Two separate pieces of evidence suggest that more than one molecule of bound 
GAF is required to kill a bacterium. From the law of mass action, the initial rate 
of binding (V l=0 ) should be given by: 

V 1=0 = R,(GAF) n [bacteria] 

If the number of bacteria is kept constant, this can be rewritten as: 

Log V l=0 = n log [GAF] + constant 

where n, the slope of this logarithmic relationship, is the number of molecules 
required for a lethal hit. A double-logarithmic plot of initial rate data was shown 
in Figure 4b and has a slope of 3.8, suggesting that between 3 and 4 molecules of 
GAF are required to kill a single bacterium. 

An alternative approach to test the multiple-hit model is to allow the binding 
of free GAF to go to completion and look at the dose-response curve at low GAF 
levels (Fig. 7). As has been pointed out above, the theoretical dose-response curves 





38 


B. M. CHAIN AND R. S. ANDERSON 





Units of killing factor 


Figure 7. a) Dose-response curve at low volumes of coelomic fluid using the turbidometric assay. 
Bacteria and coelomic fluid were incubated together at room temperature for 30 min to allow complete 
binding of all free GAF before the addition of tryptic soy broth. Each point is the average of 5 deter¬ 
minations. 

b) Theoretical curves of log (% survival) as a function of units of killing factor per bacterium for 
1, 2, 3 and 4 hit models. Values are calculated from the Poisson distribution: 


p„ = ( 


1 + X + ■ 


2! 



where p is the probability of a bacterium binding n units of killing factor and X is the total number of 
units present for each bacterium. P n 1 is, therefore, the probability of survival for a n hit model. 

c) Plot of the data of 7a as log (% survival) as a function of coelomic fluid volume. The curve fits 
the multiple-hit models of 7b and the intercept on the y axis lies between that of a 3- and 4-hit model. 


can be calculated for single and multiple hit models on the assumption that the 
chance of a molecule of GAF interacting with a bacterium is governed by Poissonian 
probability distribution. Such an approach has been used extensively in analyzing 
complement hemolytic (Mayer, 1961) and bactericidal action (Wright and Levine, 
1981b). A comparison of theoretical-to-actual dose-response curves again indicates 
that a model requiring 3 or 4 hits/bacterium provides the best fit to the data (Figs. 
7b, c). Since both initial binding rate data and dose-response curve data can theo¬ 
retically be explained by a model requiring several different components of the CF 
to act cooperatively to kill a bacterium, this possibility cannot be conclusively dis¬ 
missed. 

The data discussed so far were all generated using the turbidometric assay of 
bacterial killing. In contrast, the plate assay gives a measure of the rate at which 
bacteria were actually killed (i.e., the combined rate of both GAF binding and killing 
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reactions). Furthermore, since binding is relatively fast, the rate-limiting (and hence, 
rate-determining) step is the second one, and the plate assay actually measures the 
rate at which bound GAF causes an irreversible change in the bacterium leading 
to cell death. The initial rate increases with GAF concentration at low concentrations 
(Fig. 6b), but levels off at higher concentrations. This limiting velocity, presumably 
determined solely by the rate of the physiological reaction causing the death of the 
bacteria, can be calculated by plotting a double-inverse plot of the rate versus con¬ 
centration (the Lineweaver/Burke plot of enzymologists), as shown in Figure 6c. 
The limiting velocity obtained by this method is approximately 5 X 10 5 bacteria/ 
minute, or approximately 80% of the bacteria per minute. 

The rate of killing continues to increase at concentrations several times larger 
than the minimum required to obtain 95% bacterial killing (Fig. 6a), implying that 
extra molecules of GAF speed up the rate at which a bacterium is killed. 

Bacterial killing rate is considerably inhibited at room temperature versus 37°C. 
One possible explanation for this phenomenon is that the action of GAF requires 
some metabolic reaction to take place. Alternatively, GAF activity may be influenced 
by the physical state of the bacterial cell membrane, which is known to vary sub¬ 
stantially at different temperatures (Stein et al ., 1969; Melchior et al ., 1970; Jacob¬ 
son, 1976). 

A third possibility, namely, that GAF action requires the bacteria to be actively 
dividing in order to be effective can be dismissed since bacteria are routinely killed 
while still in stationary phase (see, for example. Fig. 3). If the optimal killing tem¬ 
perature for GAF depends on properties of the target organism, such as membrane 
fluidity, it will be necessary to extend these experiments to strains of bacteria isolated 
from the immediate natural environment of Glycera. Perhaps GAF activity against 
such organisms would be optimal at temperatures more physiological for both poly- 
chaete and bacterium. Such experiments will also be of value in assessing more fully 
the role of GAF in the natural defense systems of Glycera. 

It does not appear that GAF is identical to other antibacterial factors found in 
invertebrate sera, although few of these have been studied in sufficient detail to 
permit detailed comparison. GAF does not possess any of the properties of the 
lysozyme-type enzymes which have been described in a number of other bactericidal 
systems (Powning and Davidson, 1973; Cheng and Rodrick, 1974; Jolles and Jolles, 
1975; Cheng et al, 1977; Anderson and Cook, 1979; Cheng, 1980). Unlike lysozyme, 
GAF does not lyse Micrococcus luteus cell walls and is most active against Gram¬ 
negative bacteria (Anderson and Chain, 1982). It is also quite distinct from the 
inducible bacteriolytic proteins which have been recently isolated from the hemo- 
lymph of lepidopteran pupae (Hultmark et al ., 1980). 4 here are some mechanistic 
similarities, however, between GAF and vertebrate complement. The antibacterial 
action of complement has recently been reexamined in detail (Wright and Levine, 
1981a, b). Like GAF, complement action involves an initial binding reaction to the 
cell surface, followed by a killing reaction (Levine et al ., 1953; Muller-Eberhard, 
1968); it has a low multiplicity, probably requiring two “killing units per bacterium 
(Wright and Levine, 1981b); it is highly temperature-sensitive (Mayer and Levine, 
1954), and has an absolute requirement for divalent cations (Levine et al ., 1953; 
Muschel and Treffers, 1956b). At the other end of the evolutionary spectrum, similar 
characteristics are shown by certain types of colicins ( e.g ., K1 and El), which are 
bactericidal proteins of bacterial origin (Weiss and Luria, 1978; Wendt, 1970). It 
is extremely unlikely that there is any true homology between GAF and either 
complement or the colicins. Rather, the similarities probably arise from parallel 
strategies evolved in these diverse organisms to eliminate competing or pathogenic 
microorganisms. 
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